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ABSTRACT 

We consider a system for obtaining vertical temperature 

profiles of the atmosphere from a satellite. A carbon dioxode 

laser sends a signal which is either tunable over a 2 GHz range 

or contains a range of frequencies simultaneously. This signal 

is reflected from the earth!s surface or ocean and is received 

back at the satellite. The returned signal at each frequency is 

analyzed for absorption due to carbon dioxide in the atmosphere 

by comparison with a nearby standard. Continuous transmitter 

tuning is not possible now, but isotopic production of a range of 

frequencies potentially provides enough information. From 

absorption as a function of frequency, temperature as a function 

of altitude can be deduced. The application ta co-orbiting 

satellites is discussed and some laboratory measurements are 

suggested. 
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TECHNICAL MEMORANDUM 

INTRODUCTION 

T h e  numerical p red ic t ion  of weather r equ i r e s  an accu- 
rate g loba l  knowledge of t h e  world 's  weather a t  a given t i m e .  
T h i s  i s  obtained through measurement of pressure  a t  a given 
a l t i t u d e ,  t h e  wind ve loc i ty  p r o f i l e  w i t h  a l t i t u d e ,  t h e  tempera- 
t u r e  p r o f i l e  with a l t i t u d e ,  and the  water vapor p r o f i l e  wi th  
a l t i t u d e .  Curren t ly ,  repor t ing  of these func t ions  above sea 
sur faces  i s  spa r se ,  and it seems l i k e l y  t h a t  s a t e l l i t e  sens ing  
w i l l  be requi red  f o r  adequate coverage. T h i s  sensing w i l l  make 
use  of the electromagnet ic  p rope r t i e s  of t h e  gases  of t h e  
atmosphere. 

These p rope r t i e s  inc lude  emission and absorp t ion  (or  
s c a t t e r i n g )  . An opera t iona l  s a t e l l i t e  device  u t i l i z e s  t h e  
emission of a s t rong  C 0 2  band t o  ob ta in  the  temperature p r o f i l e .  
This memorandum describes t h e  use of absorp t ion  measurements as 
an a l t e r n a t i v e  means of ob ta in ing  t h i s  information. H e r e ,  t h e  
use of a s i n g l e  broadened absorp t ion  l i n e  as opposed t o  a set  
of l i n e s  (o r  a band) i s  considered. This i s  poss ib le  by use of 
a gas  laser opera t ing  w i t h  t h e  same gas as the cons t i t uen t  gas 
of t h e  atmosphere t o  be measured. The appl ica t ions  poss ib l e  
with t h e  use of an i so tope  of t h e  gas t o  ob ta in  a s m a l l  known 
frequency s h i f t ,  and a laser tunable  over a wide enough range 
of f requencies ,  are discussed.  

W e  are consider ing here a system i n  which t h e  r a d i a t i o n  
from a carbon d ioxide  laser i s  reflected from t h e  ocean, and the  
r e tu rn  s i g n a l  i s  analyzed f o r  absorpt ion.  W e  show below t h a t  
absorp t ion  a s  a func t ion  of frequency i s  determined by tempera- 
t u r e  as a func t ion  of pressure ,  and t h a t  t h e  l a t t e r  can be 
obtained by ana lys i s  of measurements of t h e  former. 

METEOROLOGICAL REQUIREMENTS 

A s  c i ted by t h e  Global Atmospheric Research Program, (2) 
t h e  p r i n c i p a l  q u a n t i t i e s  requi red  f o r  numerical weather predic-  
t i o n  i n  t h e  next  f e w  years  a r e  t h e  four  func t ions :  
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Pressure  a t  a known a l t i t u d e .  
Accuracy requi red  i s  2 % .  

Wind ve loc i ty  p r o f i l e  as a func t ion  of 
pressure .  Accuracy requi red  i s  3 m / s e c .  

Temperature p r o f i l e  as a func t ion  of 
pressure .  Accuracy requi red  i s  1 K. 

Water vapor p r o f i l e .  Accuracy 
requi red  i s  1 0 % .  

over  which these p r o f i l e s  are des i r ed  i s  
t o  1 0  mb ( %  30 k m )  wi th  200 mb i n t e r v a l s .  

The ho r i zon ta l  r e so lu t ion  desired i s  400  km i n t e r v a l s  i n  x and y.  
T h e  t i m e  r e so lu t ion  desired i s  once a day. 

The range of temperatures i s  from s l i g h t l y  below 200 5 
t o  s l i g h t l y  above 300 K .  T h e  range of v e l o c i t i e s  i s  from 0 t o  
150 m/sec. T h e  range of w a t e r  vapor f r a c t i o n  i s  from . O O  t o  .04.  

By t h e  l a t e  ~ O ' S ,  considerably more demanding requi re -  
ments w i l l  e x i s t  -- f o r  f i n e r  g r i d s  and g r e a t e r  accuracy, 
e spec ia l ly  i n  t h e  lowest k i lometer  and beneath clouds.  Since 
t h e  carbon dioxide laser r a d i a t i o n  i s  absorbed by clouds,  the 
cons idera t ions  i n  t h i s  paper do n o t  apply t o  complete cloud 
cover. I n  a s i t u a t i o n  of p a r t i a l  cloud cover,  t he  narrow beams 
used allow data  t o  be obtained i n  t h e  i n t e r s t i c e s .  

CARBON D I O X I D E  AND CO? LASER 

Carbon dioxide i s  a l i n e a r  symmetric molecule, which 
has three v ib ra t ion  modes. These are 

1. symmetric stretch mode + - +  

2.  bending mode + + +  
3 .  asymmetric s t re tch mode + + +  

where the  arrows show t h e  motions of t h e  three atoms. Each mode 
can have only an i n t e g r a l  number of energy quanta i n  i t ,  so C h a t  
a v ib ra t ion  s t a t e  can be described by a t r i p l e t  of numbers (n,  
n2 n 3 )  i n d i c a t i n g  t h e  number of quanta i n  each v ib ra t ion  mode. 
Laser ac t ion  i s  obtained using as t h e  upper energy l e v e l  ( 0 0 1 )  
and f o r  lower energy l e v e l  e i t he r  ( 1 0 0 )  o r  (0201,  giv ing  radia- 
t i o n  w i t h  wavelength (wave number) of about 10.411 ( 9 6 1  c m - l )  
o r  9.611 ( 1 0 6 4  c m ' l ) ,  r espec t ive ly .  ( 3 )  
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Besides v ib ra t ing ,  t h e  C 0 2  molecule can r o t a t e .  T h e  
r o t a t i o n a l  quantum of energy i s  three orders  smaller than  the  
v i b r a t i o n a l  quanta ,  hence t h e  r o t a t i o n a l  s t a t e  modif ies  the  
energy l e v e l s  only s l i g h t l y ,  and changes t h e  frequency and wave 
number of laser r a d i a t i o n  s l i g h t l y .  A C02 molecule undergoing 
a v i b r a t i o n a l  t r a n s i t i o n  c i ther  lo ses  one r o t a t i o n a l  
quantum or  ga ins  one r o t a t i o n a l  quantum- I n  t h e  former case 
each i n i t i a l  r o t a t i o n  quantum adds - 7 7  cmcl  t o  t he  c e n t r a l  
wave number g iv ing  rise t o  t h e  R-branch, w h i l e  i n  t h e  l a t t e r  
case, .78  c m - l  i s  subt rac ted  f o r  each i n i t i a l  r o t a t i o n a l  
quantum giv ing  rise t o  the  P-branch. The set  of r o t a t i o n a l  l i n e s  
about a c e n t r a l  v i b r a t i o n a l  frequency i s  called a band. ( 4 )  

The C 0 2  i n  t h e  atmosphere i s  thermally d i s t r i b u t e d  
among t h e  var ious  energy l e v e l s ,  and w i l l  e m i t  o r  absorb radia- 
t i o n  a t  a l l  t h e  frequencies  simultaneously.  However, i n  a C 0 2  
laser,  when one p a r t i c u l a r  r o t a t i o n a l  l i n e  s tar ts  l a s i n g ,  t h e  
rap id  thermal iza t ion  t i m e  sec) w i l l  dep le te  o the r  ro t a -  
t i o n a l  s ta tes  t o  r e f i l l  t h e  one l a s i n g  r o t a t i o n a l  s ta te .  The 
r e s u l t  is  t h a t  t h e  laser can be made t o  e m i t  on j u s t  one l i n e  
of t h e  v i b r a t i o n a l  band. (5)  The var ious  f requencies  assoc ia ted  
w i t h  t h e  d i f f e r e n t  r o t a t i o n a l  s ta tes  can be obtained i n  a laser 
by using a d i f f r a c t i o n  g r a t i n g  in s t ead  of a mir ror .  Rotat ion of 
t h e  d i f f r a c t i o n  g r a t i n g  then determines which l i n e  w i l l  lase. (6) 

T h e  s teady  s t a t e  power of a laser  i s  propor t iona l  t o  
t h e  length  of t h e  tube.  A laser y i e ld ing  75 w a t t s / m e t e r  has 
been constructed.  ( 7 )  
ing  t h e  end d i f f r a c t i o n  g r a t i n g  o r  mir ror  (Q-switching) ,  per iods  
of no l a s i n g  can be obta ined ,  during which t i m e  energy i s  s t o r e d  
i n  the  upper l eve l .  When l a s i n g  i s  again allowed, t h e  s t o r e d  
energy i s  a l l  released, g iv ing  a pulse .  A ga in  i n  power of 1 0 0 0  

( 8 )  can be obtained by t h i s  means. 

By means of a l t e r n a t e l y  exposing and block- 

LINE SHAPE 

Line shape refers t o  t he  frequency dependence of absorp- 
t i o n  o r  emission of a gas .  Typical ly  there i s  a maximum a t  one 
frequency termed l i n e  cen te r ,  w i t h  less absorpt ion a t  h igher  o r  
lower f requencies .  The exac t  amount less, r e l a t i v e  t o  t h e  maximum, 
i s  no t  only a func t ion  of frequency d i f f e rence  from l i n e  cen te r ,  
b u t  a l s o  of t h e  temperature and pressure  of t h e  gas .  

A t  low pressures ,  t h e  broadening of a l i n e  i s  deter- 
mined by the Doppler effect:  a molecule moving towards a source 
w i l l  absorb r ad ia t ion  of a s l i g h t l y  lower frequency than t h e  
n a t u r a l  l i n e  pos i t i on ,  s ince  i t  sees t h i s  frequency as t h e  l i n e  - 
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center .  A t  h igh pressures  t h e  broadening i s  determined by c o l l i -  
s ion  effects: an ind iv idua l  molecule can only absorb radia- 
t i o n  coherent ly  during t h e  t i m e  i n t e r v a l s  between i t s  c o l l i s i o n s ,  
and t h e  f i n i t e  wave packet  thus  absorbed may have a cons iderable  
range of f requencies  represented .  

The f r a c t i o n  of energy absorbed a t  a given temperature ,  
T ,  p ressure ,  p ,  and frequency, W, i s  denoted A(p,T,w). T h i s  is  
r e l a t e d  t o  t h e  absorp t ion  c o e f f i c i e n t  k(p,T,w) by t h e  d e f i n i t i o n  

r 

The exponentiated i n t e g r a l  i s  r e f e r r e d  t o  as the  o p t i c a l  depth.  

The absorp t ion  c o e f f i c i e n t  can be w r i t t e n  as t h e  product  
of t h e  absorpt ion c o e f f i c i e n t  a t  l i n e  cen te r ,  and a shape func t ion  
which conta ins  t h e  dependence on frequency, T h e  shape func t ion  
a t t a i n s  i t s  maximum value  of 1 a t  l i n e  c e n t e r ,  w o ,  and f a l l s  off  
t o  ei ther side reaching 1 / 2  a t  w = woks, so t h a t  a i s  t h e  ha l f  
width a t  ha l f  maximum (HWHM). The shape func t ion  depends pr in-  
c i p a l l y  on pressure .  The major pressure  e f f e c t  is  t o  determine 
t h e  HWHM. A minor pressure  e f f e c t  i s  t o  modify t h e  func t iona l  
form of t h e  shape func t ion .  I n  t h e  low pressure  region,  t h i s  func- 
t i o n a l  form is 

where aD i s  t h e  Doppler ha l f  width,  

t h e  func t iona l  form i s  
I n  t h e  high pressure  reg ion ,  

1 
2 w-w +(*) 

where aL i s  c a l l e d  t h e  Lorentz ha l f  width. These func t ions  are 
p l o t t e d  f o r  equal  half  w i d t h s  i n  Figure 1. I t  can be seen t h a t  
two forms with the same ha l f  width d i f f e r  less from each o t h e r  
than they do from a form with ha l f  t h e  ha l f  width. 

Figure 2 shows t h e  dependence of HWHM on temperature 
and pressure ,  as ca lcu la ted  from equat ions (3-101, ( 3 - 2 6 ) ,  and 
(3-30) of Penner. I t  i l l u s t r a t e s  t h e  g r e a t  dependence on 
pressure  i n  t h e  region of atmospheric parameters shown. I n  
Figures 2 and 3 ,  there are t h r e e  absc issa  scales, one each f o r  
temperature,  p ressure ,  and a l t i t u d e ,  where a l t i t u d e  corresponds 
approximately t o  pressure  b u t  has no r e l a t i o n  t o  t h e  temperature 
scale. T h e  range of each scale i s  t h e  approximate range of 
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t h e  parameters i n  t h e  atmosphere between 0 and 45 km. To he lp  
f u r t h e r ,  t h e  curves represent ing  funct ions of pressure  a r e  i n  
s o l i d  l i n e s ,  wh i l e  those represent ing  funct ions of temperature 
a re  dashed. The Lorentz h a l f  width i s  propor t iona l  t o ' p re s su re ,  
while t h e  Doppler h a l f  width i s  independent of it; however, i n  
t he  atmospheric region of i n t e r e s t ,  t h e  Lorentz ha l f  width 
dominates, giving t h e  pressure  dependence shown. 

Figure 3 shows t h a t  t h e  absorpt ion c o e f f i c i e n t  a t  l i n e  
center  depends exponent ia l ly  on temperature due t o  t h e  Boltzmann 
population of t h e  lower energy s ta te .  I t  has a s l i g h t  dependence 
on pressure  i n  t h e  region below 30 k m ,  increas ing  i n  pressure  
dependence t o  propor t iona l  dependence above 30 km. 

Thus, roughly speaking, temperature information i s  
contained i n  the  absolute  amount o f  absorpt ion,  while pressure  
information i s  contained i n  the  r e l a t i v e  absorpt ion a t  d i f f e r e n t  
f requencies .  

ATMQSPHERIC LINE SHAPE 

When a beam of r a d i a t i o n  passes  through the  e n t i r e  
atmosphere it passes through l a y e r s  with a g r e a t  v a r i e t y  of 
temperatures and pressures .  I n  order  t o  s o r t  out  the tempera- 
t u r e  a t  a given pressure  w e  w i l l  use t h e  r e l a t i v e  absorpt ion 
( a t  d i f f e r e n t  f requencies)  t h a t  w e  expect a t  a given pressure  
l e v e l  t o  i s o l a t e  t h e  amount of the  absorption a t  t h a t  p ressure  
l e v e l .  From t h e  amount of t h e  absorpt ion,  t h e  temperature can 
be deduced. 

Define t h e  following symbols 

j index of pressure  l e v e l  

i index of frequency 

pressure  a t  l e v e l  j (chosen by ana lys t )  
p j  

j 
T temperature a t  l e v e l  j ( t o  be determined) 

A Z  geometrical  thickness  of l e v e l  j (depends on p and T . )  
j j 3 

k absorption c o e f f i c i e n t  a t  l i n e  center  
j f o r  l e v e l  j (depends on p and T see Figure 3 )  

j 1' 
t - k .  Az. o p t i c a l  thickness  of l e v e l  j a t  
1- 3 3 

l i n e  center assuming 1 0 0 %  c02 

a f r a c t i o n  of C02 i n  l e v e l  j 
j 
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i t h  frequency. v o  i s  l i n e  center .  

f r a c t i o n  of l i n e  cen te r  absorbed a t  frequency 
i and l e v e l  j ( l i n e  shape) (depends mainly on 

measured o p t i c a l  depth a t  frequency i. 

'i 

f i j  
and v i ,  see Figures  2 and 1). 

p j  
T i 

The r e l a t i o n  of t h e  i n d i r e c t l y  determined q u a n t i t i e s  t o  t h e  
d i r e c t l y  measured -ri i s  

i "  t =  T C a j  f i j  
j j 

These equat ions can be solved f o r  the temperature as 
a func t ion  of pressure  by a quick i t e r a t i v e  procedure: 

The vi are determined by t h e  instrument  design. 
Choose discrete va lues  of t h e  independent 
v a r i a b l e  p 

Choose a reasonable  set  of T (a s tandard  atmos- 
phere,  o r  t h e  previous day ' s  measurement). 

Y 

j 

( 3 )  U s e  t he  equat ions  represented  by Figures  1 and 2 
t o  determine f i j .  

dependence on t h e  assumed T i s  very s m a l l .  

( 4 )  Assume t h a t  a = 3 . 1 4  x loe4. (Var ia t ions  of 2% 
i n  t h i s  va lue  have been reported.  T h i s  i s  on t h e  
order  of our  desired accuracy, and i f  t he  r e p o r t  
is  confirmed, then these measurements might b e t t e r  
be used i n  conjunct ion w i t h  o t h e r  measurements t o  
determine both carbon dioxide p r o f i l e  and an 
accura te  temperature p r o f i l e . )  

Note i n  Figure 2 t h a t  t h e  

j 

j 

I n  order  t o  so lve  
1. 

(5)  Solve t h e  equat ions (1) f o r  t 
t h e  equat ions ,  t h e  number of measured f requencies  
must equal  o r  exceed the  number of desired pressure  
l eve l s .  

41 

( 6 )  Calcu la te  t h e  a l t i t u d e  of t h e  pressure  l e v e l s  chosen, 
using the  assumed T;, t h e  equat ion of hydros t a t i c  

J 
equi l ibr ium, and t h e  i dea l  gas l a w .  From t h e  a l t i -  
tudes determine Az./T (which i s  near ly  independent 
of T . )  , and hence 

1 1  

1 
T . k  = t . / ( A z . / T . )  
i j  7 7 7  
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( 7 )  U s e  t h e  equations represented by Figure 3 
t o  c a l c u l a t e  a new T from (T .k . )  e 

j 3 7  
About two cycles  provide convergence, because of the  

s t rong  dependence of ( T . k . )  on T (see Figure 3) compared w i t h  
t h e  dependence of f i j  on T 

Az . /T on T (independent i n  t h e  case of a t h i n  l aye r  of i d e a l  g a s ) .  

accuracies  of 1 p a r t  i n  300 would be requi red  of t h e  measured 
q u a n t i t i e s  s i n c e  w e  desire temperature accuracies  of t h a t  order .  
However, it i s  poss ib l e  t o  design methods of ana lys i s  which 
include the  knowledge w e  have of t h e  atmosphere a t  a given 
place and season. The measurement does no t  need t o  be a s  
accurate  then, s i n c e  less information i s  t o  be ex t r ac t ed .  
Using methods of t h i s  type,  the cu r ren t ly  opera t ing  system 
y i e l d s  u s e f u l  information from measurements accura te  t o  1 p a r t  
i n  100.  Thus accuracy between and seems t o  be t h e  
range t h a t  should be designed f o r ,  

7 7  j 
(see Figure 2 )  or t h e  dependence of 

j 
i j  j 

I n  t h e  above determination of temperature p r o f i l e ,  

The "best" choice of f requencies  i s  a s u b t l e  mathe- 
matical problem which should be addressed elsewhere. Too s m a l l  
a range of f requencies  does no t  g ive  enough d i f f e rence  t o  the  
shape f a c t o r s .  Too l a r g e  a range of f requencies  g ives  only a 
s m a l l  a t t enua t ion  w i t h  a r e l a t i v e l y  l a r g e  experimental  e r r o r .  
I n t u i t i v e l y ,  the  des i r ed  range of f requencies  should reach a 
po in t  of r ap id  change of t h e  shape funct ion w h i l e  it is  not  
too s m a l l :  t h e  HWHM a t  a given pressure  i s  probably close t o  
t h e  optimum frequency s h i f t  f o r  measuring t h e  absorpt ion a t  
t h a t  pressure.  The HWHM f o r  ground l e v e l  i s  the  l a r g e s t  HWHM 
occurr ing i n  t h e  atmosphere; it i s  .07  c m - l  or  2 . 1  G H z .  

I n  t h i s  s ec t ion  w e  have shown t h a t  measurement of t h e  
atmospheric l i n e  shape can be i n t e r p r e t e d  t o  y i e l d  a p r o f i l e  of 
temperature versus pressure.  W e  have supposed, i n  e f f e c t ,  t h a t  
a laser tunable  over 2 G H z  was ava i l ab le .  I t  may be poss ib l e  t o  
design such a tunable  laser using parametr ic  tuning with t e l lu r ium 
o r  p r o u s t i t e ,  b u t  such a laser i s  not  y e t  ava i l ab le .  I n  t h e  next  
s ec t ion  w e  d i scuss  an i n d i r e c t  method of obtaining r e l a t i v e  
absorpt ions.  

ISOTOPIC TUNING 

The carbon dioxide laser can be tuned only 50 MHz f r o m  
i t s  l i n e  cen te r  a t  most, because it s tops  l a s i n g  when pu l l ed  from 
l i n e  cen te r  by more than t h e  ( s m a l l )  l i n e  w i d t h  of the  l o w  pres- 
su re  C 0 2  i n  the l a s e r .  H e r e  I would l i k e  t o  po in t  out  a poss ib l e  
means of obtaining a sampling of frequency d i f f e rences  (from l i n e  
center )  i n  t h e  range up t o  2 GHz. 
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W e  w i l l  show below t h a t  s e v e r a l  of t h e  carbon dioxide 
l i n e s  have some l i n e  of another i s o t o p i c  v a r i e t y  of carbon d i -  
oxide wi th in  two g igaher tz .  I f  both of these l i n e s  a r e  used 
simultaneously,  then t h e i r  r e l a t i v e  absorpt ion by atmospheric 
carbon dioxide can be determined, s i n c e  they a r e  so c lose  i n  
frequency t h a t  the i r  response t o  o t h e r  gases and t h e  ground 
w i l l  be t h e  same. If t h e i r  frequency d i f f e rence  i s  6 ,  t h i s  
determines the  absorpt ion of t h e  atmospheric carbon dioxide a t  

r e l a t i v e  t o  t h e  absorpt ion a t  t h e  atmospheric l i n e  cen te r  
By measuring t h e  r e l a t i v e  absorpt ion of each p a i r  of l i n e s  

woN+6 
w 

with in  two g igahe r t z ,  t h e  same information i s  obtained a s  i s  
obtained from t h e  same number of r e l a t i v e  absorpt ion measurements 
a t  the same se t  of frequency d i f f e rences  from one given atmos- 
pher ic  l i n e  center .  The absolu te  absorpt ion a t  l i n e  c e n t e r  can 
be obtained by using an i s o t o p i c  l i n e  which i s  f a r  from l i n e  
cen te r  a s  a reference frequency. There w i l l  be a small  amount 
of absorpt ion of such  a reference l i n e  (1/2%) I but  it can be 
ca l cu la t ed  t o  t h e  o v e r a l l  requi red  accuracy. T h i s  information 
may then be i n t e r p r e t e d  i n  t e r m s  of meteorological parameters 
a s  previously explained. 

t o p i c  tuning t o  be success fu l  i s  t h a t  s e v e r a l  normal carbon 
dioxide l i n e s  should have an i s o t o p i c  l i n e  wi th in  two g igaher tz .  
Data have been repor ted  f o r  Cl20i8 ( h e r e i n a f t e r  [12, 181) which 
i n d i c a t e  t h a t  t h e  ( 0 0 1 ) + ( 0 2 0 )  band cen te r  i s  a t  9 6 7 . 4  c m - l , ( l O )  
q u i t e  c lose  t o  the  9 6 1 . 0  cm-I  band cen te r  f o r  (001)+(100) of 
C l 2 O i 6  ( l ikewise  r e f e r r e d  t o  as  [12, 1 6 1 ) .  Figure 4 shows the  
l a s e r  l i n e s  ava i l ab le  from these two v a r i e t i e s  of carbon dioxide.  
Two g igaher tz  i s  about t h e  width of t h e  marks shown. The fre- 
quency d i f f e rences  between l i n e s  of each type of carbon dioxide 
a r e  known t o  g r e a t  accuracy, b u t  the  o v e r a l l  alignment of the  
two sets of l i n e s  is uncer ta in  t o  about two gigahertz .  (Tha t  i s ,  
t h e  two sets of l i n e s  can be s h i f t e d  w i t h  r e spec t  t o  each other 
by about t h e  w i d t h  of one l i n e  and remain wi th in  cu r ren t  experi-  
mental accuracy,)  I t  can be seen from t h e  f i g u r e  t h a t  between 
5 and 1 0  p a i r s  of l i n e s  a r e  wi th in  two g igaher tz  f o r  any poss ib l e  
o v e r a l l  al ignment,  Calculat ions i n d i c a t e  t h a t  [12, 171  w i l l  a l s o  
have i t s  two bands i n  t h e  same reg ions ,  and more near coincidences 
should be expected from t h i s .  Since t h e  exac t  d i f f e rences  are not  
ava i l ab le  now, it i s  no t  poss ib l e  t o  s t a t e  whether t h e  a v a i l a b l e  
p a i r s  w i l l  provide a basis for  s i g n i f i c a n t  weather information. 

Now the  e s s e n t i a l  phys ica l  requirement f o r  t h i s  i so -  

Immediate laboratory measurements can reso lve  uncer ta in ty  
i n  t h i s  regard,  The frequency d i f f e rences  f o r  each p a i r  would be 
r ead i ly  measurable using two l a s e r s ,  o r  one i s o t o p i c a l l y  enriched 
l a s e r .  Furthermore, the  same apparatus should be used t o  measure 
t h e  absorption of t h e  [12, 161 m e m b e r  of t h e  p a i r  of l i n e s  a s  a 
funct ion of pressure.  T h i s  would give accura te  measures of t h e  
Lorentz ha l f  w i d t h  f o r  p a r t i c u l a r  r o t a t i o n  s t a t e s .  From these, 
i n t e r p o l a t i o n  t o  o the r  r o t a t i o n  l e v e l s  would g r e a t l y  improve the  
(one f i g u r e )  accuracy now ava i l ab le .  
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S I G N A L ,  NOISE, AND BACKGROUND 

W e  now consider  t h e  system c h a r a c t e r i s t i c s  f o r  detec- 
t i n g  one second of laser emission from a s a t e l l i t e ,  which i s  
r e f l e c t e d  from the ocean, and received back a t  t h e  sa te l l i t e .  
The l a s e r  system f o r  which t h e  s i g n a l  and background are f igured  
i s  considered t o  be s i m i l a r  t o  t h e  system t o  be flown on t h e  
ATS-F. I n  t h i s  system t h e  received frequency modulated l a s e r  
s i g n a l  i s  mixed w i t h  a l a s e r  l o c a l  o s c i l l a t o r  and t h e  d i f f e rence  
frequency de tec ted  i n  a square l a w  de t ec to r .  The advantage of 
t h i s  system i s  t h a t  t h e  de t ec to r  used can be a t  a high enough 
(100 K) temperature t h a t  it can be r a d i a t i o n  cooled, while  
de tec t ing  7 x erg/sec (lo) wi th  bandwidth 1 MHz. This  
means t h a t  f o r  given bandwidth B i n  H e r t z ,  t h e  noise  l e v e l  i s  
N = 7 x B erg/sec.  Since 1 M H z  i s  t h e  long t e r m  f r e -  
quency (I1) s t a b i l i t y  of cu r ren t  lasers, w e  w i l l  assume t h i s  i s  
the necessary bandwidth. 

I n  our case t h e  s i g n a l  i s  supposed t o  have been t r ans -  
m i t t e d  by a l a s e r ,  reflected from t h e  e a r t h  o r  ocean, and then 
received. I f  the  t ransmi t ted  s i g n a l  i s  frequency modulated, then 
t h e  r e f l e c t e d  s i g n a l  w i l l  be a l s o .  The s i g n a l  i s  a t tenuated  by 
(1) passage through t h e  atmosphere t w i c e  (50% a t t enua t ion  each 
way), ( 2 )  r e f l e c t i o n  from t h e  ocean o r  land (1% r e f l e c t i o n  
c o e f f i c i e n t ) ,  ( 3 )  spreading i n t o  2iI s t e rad ians  by t h e  roughness 
of t h e  r e f l e c t i n g  sur face .  The background i s  300 K blackbody 
r ad ia t ion :  

wB = 4 x 10-9 ABQ erg/sec 

M = ( A / D ) 2  = A2/(4A/II) 

N~ = 3 x 10-9 B A ~  erg/sec 

= 3 x B erg/sec 

where A i s  a rea  ( c m 2 )  of rece iv ing  mirror 
with diameter D (cm) 

B i s  bandwidth i n  h e r t z  (106) 

x i s  wavelength i n  cm 

M is  t h e  f i e l d  of view ( s r ) ,  

Hence t h i s  i s  much less than t h e  de t ec to r  no ise  of 7 x B 
erg/sec and the  background i s  neg l ig ib l e .  
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W e  now cons ider  t he  use of pulsed ( P )  o r  continuous 
wave (CW) r ada r  employing the  s tandard  concepts of radar i n  the 
same s i t u a t i o n .  (I2) A s  i n d i c a t e d  above, t h e  noise  i s  

N = 7 x 1 0 - 1 3  B e rg /sec  
where 

B i s  the bandwidth i n  hz,  
A CW s i g n a l  has a coherence t i m e  of 1 /B .  
t h e  s i g n a l  t o  noise  becomes SCW/N, where,  consider ing t h e  a t tenua-  
t i o n  discussed above, 

During t h i s  t i m e  i n t e r v a l  

= Pt ( .  5) 2 (. 0 1 )  (A/211H2) 

i n  w h i c h .  P t  i s  the  t r ansmi t t ed  power 

H i s  t h e  s a t e l l i t e  a l t i t u d e .  

For t h e  m o s t  o p t i m i s t i c  values  of 

Pt = 50 w a t t s  
2 A = i o 4  cm 

H = 250 k m  

w e  ob ta in  = 3 x 10-6 erg/sec.  

I n  one second, averaging B independent samples, t h e  s i g n a l  t o  
noise  i s  

f o r  B = l o 6  hz. 
by a factor of f r o m  4 t o  40. W e  no te  t h a t  when a narrower band- 
wid th  (laser s t a b i l i t y )  can be designed, t h e  s i g n a l  t o  no i se  can 
be increased.  

T h i s  S / N  exceeds t h a t  requi red  (see page 7 above) 

Consider now a pulsed s i g n a l  which has Sp=g Scw, and 
has t h e  same average power and bandwidth as a CW system. The 
pulse  length  is  T = 1/B, or  sec i n  t h i s  case. T h e  number 
of pulses  p e r  second, n ,  i s  given by gnT = 1. For t h e  carbon 
dioxide laser ,  w e  have seen t h a t  g = l o 3  has been obtained,  so  
t h a t  n = l o 3  pulses/sec.  
i s  Sp/N = g Scw/N, and f o r  1 sec t h e  s i g n a l  t o  no i se  r a t i o  i s  

Now t h e  s i g n a l  t o  noise  for  each pu l se  



- 11 - 

= i , 5  x 105 

T h i s  S / N  i s  s u b s t a n t i a l l y  l a r g e r  than the requi red  l o 2  t o  lo3, 
I n  t h i s  case an improvement cannot be made by decreasing t h e  
bandwidth, because t h e  dura t ion  of t h e  pu l se  is reaching a 
maximum which can be provided a s  a pu lse  by t h e  l a s e r .  

For t h e  p re sen t  technology, a t  which a bandwidth of 
1 MHz i s  t h e  l e a s t  t h a t  can be used, t h e  pulsed system o f f e r s  a 
g r e a t e r  s i g n a l  t o  noise  r a t i o .  On t h e  o t h e r  hand (a )  the  s i g n a l  
t o  noise  of t h e  CW system i s  e n t i r e l y  adequate f o r  our  purposes,  
and (b) it i s  n o t  clear that  t h e  noise  for  t h e  pulsed system 
would be as low as  t h a t  quoted f o r  t h e  ope ra t iona l  CW system. 

I should l i k e  t o  po in t  ou t  here  t h a t  a world w i d e  g r i d  
of corner  r e f l e c t o r s  would allow a s u b s t a n t i a l l y  increased s i g n a l  
t o  noise  f o r  e i ther  CW o r  pulsed performance. If the  corner  
r e f l e c t o r s  have area A 2 ,  w h i l e  t h e  s a t e l l i t e  te lescope has a rea  
AI, then t h e  a t t enua t ion  of t he  s i g n a l  re turned t o  t h e  sa te l l i t e  
w i l l  be 

With A2 = 1 m 2 1  R = 3 x s r ,  H = 250 km, t h i s  gives  

10-5 A~ (AI i n  m 2 )  

compared t o  rough r e f l e c t i o n  a t t enua t ion  of 

A1/211H2 = 1-6 x A1 

I t  can be seen t h a t  i d e a l l y  a f a c t o r  of l o 6  i n  S / N  could be 
obtained f o r  any given s i z e  s a t e l l i t e  m i r r o r .  This probably 
means t h a t  even w i t h  marine degradation of t h e  corner reflec- 
t o r s  ( three-fourths  of these s t a t i o n s  would have t o  be a t  sea) ,  
a s i g n i f i c a n t  improvement could be obtained. The p r a c t i c a l  
l i m i t a t i o n s  would probably be sa t e l l i t e  s t a b i l i t y  and poin t ing  
accuracy, and dependence on t h e  cloud s t a t e  above t h e  r e f l e c t o r .  

USE ON CO-ORBITING SATELLITES 

Co-orbiting s a t e l l i t e s  a r e  two (o r  more) s a t e l l i t e s  
w i t h  t h e  same o r b i t ,  bu t  d i f f e r i n g  i n  phasing around t h e  o r b i t .  
I n  meteorological use ,  t h e  phasing would be arranged so t h a t  
t h e  l i n e  between t h e  two passed through the  atmosphere w i t h  a 
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chosen minimum a l t i t u d e .  By t h e  geometry of t h e  pa th ,  i t s  
g r e a t e s t  length i n  a given th ickness  of atmosphere i s  i n  the  
lowest such layer .  Measurements made along t h i s  path thus 
allow almost d i r e c t  in ference  of condi t ions i n  t h e  lowest p a r t  
of the atmosphere reached. 

Development of t h e  technology of co-orbi t ing sa te l l i t es  
Their  has been urged f o r  many meteorological appl ica t ions .  

p r i n c i p a l  advantage i s  t h a t  a l t i t u d e  i s  a direct  geometrical  
i n t e r p r e t a t i o n  r a t h e r  than such i n d i r e c t  in ference  as descr ibed 
i n  t h i s  paper.  Also, absorpt ion or  t ransmission measurements 
become poss ib l e  without  using any ground s t a t i o n .  

(13) 

Even without  t h e  development of wide range tuning of 
t h e  carbon dioxide laser, t h e r e  are t w o  ways temperature could 
be determined from co-orbi t ing satel l i tes .  The f i r s t  method i s  
t h e  measurement of t h e  absolu te  absorpt ion by comparison of any 
given l i n e  of [12, 161 with a nearby re ference  l i n e .  W e  have 
seen (Figure 3 )  t h a t  l i n e  cen te r  absorpt ion i s  a s t rong  func t ion  
of temperature.  T h i s  measurement a l s o  depends on t h e  amount of 
carbon dioxide present .  

A second method i s  t o  compare the  r e l a t i v e  absorption 
o f '  two r o t a t i o n  l i n e s .  
i n  a Boltzmann d i s t r i b u t i o n ,  t h e  r e l a t i v e  absorption w i l l  i nd i -  
c a t e  t h e  r e l a t i v e  occupation, and hence t h e  temperature.  

carbon dioxide concentrat ion could be unambiguously derived. 

Since t h e  r o t a t i o n  states a r e  occupied 

I f  both measurements were made, both temperature and 

A modest system could make absorpt ion measurements 
between 9 k m  and many t ens  of k i lometers .  Consider a 1 w a t t  
t r a n s m i t t e r  w i t h  1 0  c m  diameter mirrors  f o r  sending and receiv-  
ing.  I f  t h e  satel l i tes  a r e  i n  250 km e a r t h  o r b i t ,  they w i l l  be 
about 3500 km a p a r t ,  and t h e  received s i g n a l  i n  t h e  absence of 
atmospheric a t t enua t ion  would be about 1 erg/sec.  Hence, atmos- 
phe r i c  transmissions a s  low as 3 x can be  t o l e r a t e d  f o r  
'IN) lsec 
path w i t h  l o w e s t  p o i n t  about 9 km a l t i t u d e .  A s  t he  a l t i t u d e  i s  
increased,  t h e  absorpt ion decreases.  The accuracy of t h e  absorp- 
t i o n  determination w i l l  then decrease,  s i n c e  it is  a deduction 
from t h e  measured t ransmission,  which i s  approaching un i ty  with 
a f ixed  accuracy. I n  t h e  region of s m a l l  absorpt ion,  t h e  
accuracy of the absorption measurement i s  l i m i t e d  by t h e  accuracy 
of t h e  re ference  s i g n a l .  W e  have not  discussed t h e  accuracy of 
t h e  re ference  s i g n a l ,  b u t  supposed t h a t  it i s  a t  least  Thus 
w e  expect t o  maintain accuracy on absorpt ion u n t i l  somewhere 
i n  t h e  region from 50 t o  70  ki lometers ,  where t h e  t a n g e n t i a l  
absorption decreases from 0 . 9  t o  0 . 1 .  

= l o 3 .  T h i s  l e v e l  of transmission i s  reached on the  
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W e  have considered a system i n  which carbon dioxide 
laser is  used t o  send a pu l se  t o  be r e f l e c t e d  from t h e  ocean, 
then received and analyzed f o r  the  absorpt ion due t h e  atmosphere. 
W e  have shown t h a t  t h e  ideal s i g n a l  t o  noise  obta inable  f o r  such 
a system is  l a r g e  enough t o  i n d i c a t e  an a c t u a l  engineering pos- 
s i b i l i t y ,  W e  have shown how t h e  information on temperature as a 
func t ion  of pressure  i s  transformed i n t o  information on absorp- 
t i o n  a s  a funct ion of frequency and how measurements of t h e  
l a t t e r  can y i e l d  the  former. W e  have ind ica t ed  means of obtain- 
ing  frequency spread,  though it i s  d i f f i c u l t .  W e  have also 
considered, q u a l i t a t i v e l y ,  t h e  use of a carbon dioxide laser 
on co-orbi t ing sa te l l i t es ,  

Compared w i t h  p re sen t  systems, t h e  here in  suggested 
system has t h e  p r i n c i p a l  advantage of growth p o t e n t i a l .  When 
l a r g e r  s i g n a l  t o  noise  r a t i o  is  requi red ,  t h e  present  system 
can inc rease  mirror  s i z e .  The suggested system on t h e  o the r  
hand, can inc rease  mir ror  s i z e ,  increase  power, o r  decrease 
bandwidth. T h e  suggested system i s  probably more expensive.  I n  
genera l ,  t h e  l e v e l  of performance a t  which t h e  suggested system 
becomes competit ive with t h e  p re sen t  system i s  an economic 
ques t ion ,  which w e  have not  addressed here. Ne i the r  system can 
obta in  information below continuous cloud t o p s ,  bu t  t h e  suggested 
system, using a narrow beam may be ab le  t o  g e t  information from 
between scattered clouds.  

Fur ther  i n v e s t i g a t i o n  of t h i s  device should examine 
(1) poss ib l e  ways of ob ta in ing  2 G H z  frequency tuning,  and ( 2 )  
d e t a i l e d  comparison w i t h  e x i s t i n g  systems. Cer ta in  
parameters of i n t e r e s t  could be r e a d i l y  measured i f  i s o t o p i c  
C 0 2  lasers capable of tuning across  t h e i r  r o t a t i o n  s p e c t r a  w e r e  
ava i l ab le :  (1) absorpt ion a t  l i n e  cen te r s  a t  a s tandard  t e m -  
pe ra tu re  and pressure ,  ( 2 )  frequency d i f f e rences  between nearby 
p a i r s  of l i n e s  of d i f f e r e n t  i so topes ,  and ( 3 )  accura te  measures 
of t h e  Lorentz ha l f  width of t h e  s tandard  

1 ilfl &' LJ- . ; ' I  - l?L, 
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F I G U R E  CAPTIONS 

Figure 1: 

Figure 2: 

Figure 3: 

Figure 4:  

Comparison of forms of r e l a t i v e  absorpt ion f o r  
pressure  broadened and Doppler broadened l i n e s ,  
A l s o  shown is  a Doppler form with ha l f  t h e  l i n e  
width of t h e  o t h e r  t w o .  

Dependence of l i n e  width on pressure  and tempera- 
t u re .  The pressure  scale is logari thmic while  
t h e  temperature scale is  l i n e a r ,  so  t h a t  each 
shows t h e  range of t h e  parameter i n  t h e  atmosphere 
up t o  4 5  km a l t i t u d e .  The l i n e  width c l e a r l y  
depends m o r e  on t h e  pressure  than on t h e  tempera- 
t u r e  * 

Dependence of absorpt ion c o e f f i c i e n t  on pressure  
and temperature.  The absc i s sa  scales are t h e  same 
as Figure 2. Here t h e  g r e a t e r  dependence i s  on 
t h e  temperature.  

The two l a s i n g  bands obtained i n  each of two i s o t o p i c  
var ie t ies  of carbon dioxide.  The number l a b e l i n g  
each l i n e  i n  t h e  bands is  t h e  r o t a t i o n a l  quantum 
number of t he  i n i t i a l  molecular s ta te .  The circles 
po in t  ou t  near ly  overlapping l i n e s .  The r e l a t i v e  
pos i t i on  of t h e  two series i s  uncer ta in  t o  about 
t h e  thickness  of t h e  l i n e s  on t h e  f igu re .  The 
desSred tuning range i s  t h e  same magnitude. Depend- 
ing on t h e  r e l a t i v e  s h i f t  of t h e  two sets of l i n e s ,  
between f ive  and e i g h t  of t h e  p a i r s  w i l l  be i n  t h e  
tuning range des i red .  
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